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CHEMICAL CONTROLS ON SUBSURFACE RADIOHDCLIDE TRANSPORT -
A REVIEW OF STUDIES AT CHALK RIVER LABORATORIES

K.J. King and R.W.D. Killey
AECL Research, Chalk River, Ontario, Canada

INTRODUCTION

Purpose and Scope

Physical controls on the groundvater transport of contaminants are the
focus of many of the papers in this symposium, but chemical (and
biochemical) processes can have much greater effects on the Movement of
materials. These range from absolutely no influence, in the case of stable
materials that do not interact vith aquifer solids (nonreactive
contaminants) to materials that are almost completely removed from
circulation by processes such as precipitation and coprecipitation.
Organic compounds, or contaminants that are hazardous may be degraded or
formed during groundvater transport. Studies at the Chalk River
Laboratories of AECL have naturally focused on radionuclide transport,
although other contaminants have and are being investigated. Here, ve will
try to summarize many of the findings from research that extends back sore
than 30 years. Much of the vork on reactive contaminant transport has
centred on 90Sr, an abundant fission product vith a high toxicity and
moderate half-life (28.6 years) that has proved to be much more mobile than
many other radioisotopes in low- and intermediate-level vaste management
facilities. Other contaminants have also been considered, hovever, and
features of their behaviour vill form part of this reviev.

Setting

The Chalk River Laboratories cover 37 km2 of Canadian Shield along the
Ottava River, 200 km northwest of Ottawa [Inch et al. 1989]. Overlying the
hummocky monzonite gneiss bedrock is a generally thin sequence of late-
glacial and post-glacial unconsolidated sediments, often beginning vith
bouldery sand till. About one quarter of the site vas submerged beneath
early post-glacial stages of the Ottava River, and it nov possesses
deposits of fluvial sands and minor gravels. Aeolian reworking of these
fluvial sands formed topographically prominent dunes on the Chalk River
site, which have since become hosts for all of the site's vaste management
operations. Local deposits of silts and clays from relatively small bodies
of water, and current accumulations of organic sediments in wetland areas,
complete the suite of unconsolidated sediments.

Apart from the surficial organic deposits, the mineralogy of local
unconsolidated sediments is uniformly granitic. Plagioclase feldspars,
quartz, potassium feldspars, hornblende, biotite, garnet, and magnetite
(listed in decreasing abundance) are the dominant primary minerals.
Weathering is limited - sericite from plagioclase represents 1 to 3Z cf the
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sediment, and biotite exhibits a range of. degrees of alteration to
vermicullte (the series totalling 1 to 5Z of mineral abundance). Illite is
the dominant clay mineral, but feldspars and quartz, as rock flour, are
dominant even in the clay size fraction (<2 urn) of local sediments [Jackson
and Inch, 1980]. Secondary mineral coatings on unconsolidated sediments
are predominantly silicon, aluminum, and iron oxyhydroxides. Chlorite,
siderite, and calcite are thermodynamically stable minerals in some deeper
overburden groundvaters, but have only been directly observed in fractures
in the underlying bedrock.

Climate at Chalk River is classified under the Koppen system as cold snov
forest vith varm summers and no dry season. Site measurements of
precipitation average 827 mm.a'1, and studies of evapotranspiration in the
site's Perch Lake Basin yield an average of 304 ma of vater per year as
available for infiltration and runoff. Runoff is minimal on the aeolian
and fluvial sands.

Groundvater chemistry in flov systems in the unconsolidated sediments shovs
a consistent evolutionary pattern: in recharge areas and near the vater
table, groundvaters are low in pB, oxygenated, and saturated only vith
aluminum, silicon, and ferric oxyhydroxides. Deeper in the flov systems,
and in discharge areas, the vaters are generally near neutral in pH,
slightly reducing (vith moderate dissolved iron concentrations), and
saturated vith some ferrous and manganese oxyhydroxides as veil as those
listed for shallow groundvaters. Calcite and siderite saturation is
sometimes achieved (especially in the till), but total dissolved solids are
alvays relatively lov. Table 1 summarizes data from Champ et al«, [1979],
Jackson and Inch [1989], and Killey and Munch [1987]. The most videspread
contaminant not originating from vaste management operations is sodium
chloride from road salting operations. Road salt contamination is
videspread, but usually at fairly lov concentrations - Cl~ concentrations
around Area A reach 100 mg.L"1 (background is about 1 mg-L"1), but
concentrations belov 10 mg.L"1 are more frequent.

Historic Plume Sources

Lov- and intermediate-level radioactive vastes have been buried or
infiltrated into unconsolidated sediments at Chalk River for over 40 years.
Since some of these vaste management sites have been the impetus and focus
for a substantial part of the research into reactive contaminant behaviour,
the main features of the relevant sites are summarized and are discussed
briefly here. Locations of the sites are shown on Figure 1. Ve vill
include notes on the Glass Block site, a purely experimental project
started in 1960 that has been featured in past and current investigations.

Vaste Management Area A occupies part of a small dune, vhere the
unsaturated zone is approximately 6 m thick. The site vas used for burial
for a variety of solid vastes, as an infiltration bed for contaminated
vater containing an estimated 370 TBq (10 000 Ci) of mixed fission products
from the 1952 NRX accident, and for tvo experimental releases of high ionic
strength acidic ammonium nitrate solutions, residues of fuel reprocessing
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Table 1: Comparison of average geochemical parameters

pH
Avg. Kd-Sr
Ca 2 +

Mg2+
Sr2+

Na+
K +

Fetct

HCO3
SO42-

Cl "

Nitrate
Plant

5.7

12.9 (337)
7.1

1.6

6 7

2.7

0.3

14.0

8.3

11.2

Area
"A"

5.9

6 5 (28)
195

6 2

0.13

41

2.6

0 9

60 0

14.0

90.0

experiments. The 1954 release, containing 4.8 TBq (130 Ci) of aixed
fission products, vas neutralized with limestone in the infiltration pit.
The 20.3 TBq (550 Ci) injection in 1955 was not neutralized. Early studies
of the Area A plume contamination were carried out by Parsons [1960, 1961,
1962].

The Nitrate Plant was a pilot plant, operated between 1953 and 1954, for
decomposing ammonium titrate solutions containing waste radionuclides fro«
fuel reprocessing studies - the same solutions released in Area A.
Processing problems led to the release of mixed fission products to an
infiltration pit intended to receive inactive condensate, with almost all
of the 33 to 48 TBq (900 to 1300 Ci) input occurring in a one-week period
in late 1954. This site has been of particular interest since the
contaminant source term is quite well defined.

The Chemical Pit is an infiltration pit located In a section of the dune
that contains Area A, but in the basin of a separate surface water course.
The pit was excavated to a depth of about 4 o in 1956 and backfilled with
coarse gravel. A pipeline from a holding tank at Chalk River transfers
various aqueous wastes from active laboratory drains to the pit on a weekly
basis, and the site is still in use.
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Unlike the three sites noted above, the Glass Block site vas not used for
vaste management; it is a purely experimental facility. In I960, 50 kg of
nepheline syenite glass (in 2 kg hemispheres), containing mixed fission
products and some actlnides, vere buried belov the vater table. The initial
focus of the experiment vas on rates of radionuclide leaching from the
glass, but over the past thirty years there have also been investigations
of controls on the movement of various radionuclides.

AQUEOUS PHASE PHENOMENA

Ion Competition

The most dramatic evidence of the effects of ion competition on
radionuclide mobility comes from plume sapping at Area A and the Nitrate
Plant. At both locations, monitoring for radioactivity in the local sand
aquifers began vithin a few months of the releases of the fuel reprocessing
solutions. Records show these solutions contained about 2080 kg of
ammonium nitrate in 2.5 molar nitric acid. For the 1954 release in Area A
and the Nitrate Plant pit, some or most of the acid was neutralized with
calcite and dolomite, adding large amounts of Caa+ and Mg2+ to the aquifer.
In all cases, the 90Sr front was initially observed to advance at rates
close to that of the transporting groundvater, and then move progressively
more slowly. Figure 2 [Killey and Munch, 1987] plots distribution ratios
calculated from the velocity of the Nitrate Plant 90Sr plume front relative
to groundwater flow velocity versus time. The ratios have risen linearly
since the first data set in 1955. The distribution ratio for the aost
recent measurement of front advance rate is close to the value obtained in
short-term batch and column tests, but whether or not the plume front
advance rate has reached steady state remains to be seen.

Years Since Release

Figure 2: Kd calculated from the velocity of the Nitrate Plant
Plume relative to groundwater flow velocity verses time
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Ion competition may have also enhanced the Mobility of other radionuclides,
but most are so strongly sorbed that the enhancement is not prominent. A
somewhat related process - hydrolysis - appears to have enhanced 137Cs
movement from the un-neutralized 1955 release in Area A. Radiocesium was
transported to a much greater degree than had been observed in the 1954
plumes, and this appears to be associated with the lack of any attempt to
neutralize the nitric acid in the infiltration pit.

Aqueous Speciation and Complexation

Many isotopes can exist in groundwaters in more than one dissolved species,
and the migration behaviour of different species can vary tremendously.
Thermodynamic data, with various degrees of reliability, are used to
predict the distribution of radionuclides (and other contaminants) under
known or anticipated aquifer chemical conditions. In situ data are of
great interest in testing and developing thermodynamic models. Aqueous
speciation and complex formation can also be controlled or affected by
organic compounds and biologic activity, situations for which theroodynamic
data are generally absent or inappropriate. At present, we must still rely
in part on field data from the environment of Interest or from one that is,
we believe, sufficiently similar.

Evaluations of 60Co distribution and transport from the Chemical Pit
provided one of the early cases where complexation with organic agents was
the suspected cause of a 1961 peak in cobalt release to the wetland that
receives the local flow system's discharge. Plume mapping and transport
studies in the early 80's found that almost all of the dissolved 60Co was
present as anionic, organic complexes that were none of the chelating
agents known to have been occasionally discharged to the Infiltration pit
prior to the study [Killey et al., 1984]. At least some of the complexing
agents appeared to be naturally-present low molecular weight organics, but
again no specific compound or class of compounds could be identified. The
complexes appeared stable in the subsurface, but decomposed on exposure to
UV (including sunlight).

In 1984, a collaboration between Chalk River and staff from Battelle's
Pacific Northwest Laboratories (PNL) employed large-volume columns of
anionic and cationic ion exchangers, along with activated alumina for
neutral species, to investigate the presence and aqueous speciation of
actinides and fission products in groundwater contaminant plumes from Area
A, the Nitrate Plant, the Chemical Pit, and the Glass Block experiment
[Champ et al., 1985; Robertson et al., 1989]. Data from the Chemical Pit
plume, where the widest variety of radionuclides were encountered, are
summarized in Table 2.

Particulate Transport

The 1979 mapping of 131Cs dovngradient of the Glass Block site encountered
low concentrations of sorbed radiocesium extending up to 7.5 m from the
source, about 4 times farther than had been expected [Valton and Herritt,
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TABLE 2: Radionuclide Speciation in the Chemical Pit Plume

Isotope

Co-60

Zr-95

Ru-106

Sb-125

Cs-137

Ce-144

Eu-154

Eu-155

Fe-55

Ni-63

Sr-90

Tc-99

1-129

Pu-238

Pu-239/240

Am-241

Cm-242

Cm-244

Paniculate

(>0.45 um)

0.540

0.037

0.155

0.009

0.205

0.015

<0.030

<0.002

Concentration

Cationic

81.4

3.18

17.39

0.260

<0.040

<0.110

<0.370

<0.040

59.2

13.1

398

<0.070

<0.007

0.013

0.095

0.248

0.011

0.002

(Bq/L)

Anionic

439.6

69.93

262.7

6.88

<0.110

0.59

2.22

0.11

37.37

<2.15

2.36

0.252

<0.002

0.670

3.44

0.0037

-

-

Alumina

Sorted

14.80

0.11

10.73

0.70

<0.010

<0.025

<0.150

<0007
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1980]. Champ and Merritt [1981], investigated the causes of this anomalous
mobility and found that the 137Cs vas being transported by colloidal size
particles. They furthermore found that formation of these particles is in
some way associated vith nicrobial activity within the aquifer.
Sterilization of columns of aquifer sediments using both antibiotics and
high-dose gamma irradiation resulted in an almost immediate halt to the
release of both particles and radioceslum, but release of both resumed
after unsterilized groundvaters vere re-introduced. The behaviour vas
repeatable.

Following these results, Champ et al. [1982] conducted laboratory studies
using plutonium and previously uncontaminated aquifer sediments and
groundvaters. Colloid formation vas again associated both vith plutonium
transport and with biological activity in the test columns.

S0RPTI0N PHENOMENA

Equilibrium Sorption

Conventional models frequently assume that the distribution of a
contaminant between water and aquifer solids is controlled by an
equilibrium ion exchange distribution coefficient. If so, sorption can be
predicted from measurements of ion exchange capacity, sorption selectivity
vith respect to competing ions, and their solution concentrations. The
cation exchange capacities of Chalk River sediments range from 1 (sands) to
25 meq per hundred grams (clays) [Evans, 1958; Jackson and Inch, 1980].
Patterson and Spoel [1981], determined a selectivity coefficient of 1.5 for
strontium over calcium in sorption to local sands.

Distribution Coefficients: Strontium-90

In past years, a series of estimates of the parameters describing the
partitioning of 90Sr between Chalk River aquifer materials and groundvater
were made. These estimates are summarised in Table 3. The methods used
included: (1) laboratory batch methods; (2) laboratory and field columns;
(3) field tracer methods; and (4) coring of the contaminated aquifer, as in
the case of Killey and Munch [1987] and Jackson and Inch [1989].

(1) Batch Studies: Patterson and Spoel [1981], developed a batch testing
protocol and made extensive measurements on whole sediments and mineral and
size-separated sub-samples from the Perch Lake aquifer. Whole sediments
yielded a mean distribution coefficient of 4.5 mL.g*1; normal and log-
normal distributions appeared to describe the range of measured values
equally veil. A limited set of batch measurements using sands and silty
sands collected beside the Nitrate Plant plume provided a log mean K^ of
8.5 mL-g-1 [Killey and Munch, 1987].

(2) Lab and Field Columns: The field column technique, designed to allow
controlled flov and in situ geochemical conditions, is described by Champ
et al. [these proceedings]. In a series of field column measurements of
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TABLE 3:Summary of Kd Parameters

TECHNIQUE

Batch

Batch

Column

Column

Injection —
Withdrawal

Insi tu Cores

Insi tu Cores

SITE

Area A

Nitrate

Nitrate

Nitrate

Area A

Area A

Nitrate

STRONTIUM
9O-Kd(avg)

1 0 0

8 5

36.8

7.0

3.4

6.5

12.9

REFERENCES

P a t t e r s o n & Spoel .1981

Killey & Uchida, in p r e p

Killey &c Uchida. in p r e p

Champ et al.1985

Pickens et al.1981

Jackson & Inch. 1989

Killey & Munch. 198?

radiostrontium retardation, Champ et al. [1985], determined V+'s of between
6.2 and 7.9 mL.g-1 in Perch Lake basin sands, based on *5Sr breakthrough
relative to HTO. No evidence of kinetic controls on ;orption were evident
in these relatively short-term (several day) experiments. Replicate field
column experiments beside the Nitrate Plant [Killey and Uchida, in
preparation] found an average strontium f̂  of 5.3 aL-g-1 in medium sand but
a Kj of 55 mL.g-1 in silty sands. Most of the difference could be
explained by differences in BET surface area between the two soils.

(3) Injection-Fithdrawal Testing: The l5Sr breakthrough curv« of Pickens
et al. [1981] was derived from comparison with a nonreactive iodide
breakthrough curve during a single-well injection/withdrawal tracer test.
From relative velocities a distribution coefficient of 3.-4 mL.g-1 was
calculated. This low value (relative to other K,, measurements at this
site) and the breakthrough and recovery curves all indicated that reaction
kinetics were limiting strontium sorption in this high velocity field.

(4) Contaminant Plumes: In situ distribution ratios or coefficients have
been measured in contaminant plumes from some of Chalk River's waste
management sites by measuring radionudide concentrations in both soils and
groundwaters collected at the same locations. Data collected at 28
locations in the Area A plume yielded a mean X* of 6.5 mL.g-1 for 90Sr
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[Jackson and Inch, 1989]. Similar analyses of radiostrontiua R,,'s at 337
locations in the Nitrate Plant plume yielded a log-normal distribution of
distribution coefficients, with a mean of 12.9 mL.g-1 [Killey and Munch,
1987]. The summary of the analyses are listed in Table 4.

TABLE 4. Nitrate Plant Plume Radiostrontium Distribution Coefficients

Distribution

Coefficient

(mUfl)

Log Mean

Log Std.Dev.

Mean

Plus 1 Std. Dev.

Minus 1 Std. Dev.

Observed Maximum

Observed Minimum

15

1.249

0.773

17 7

105

3 0

155

0.02

45

1 018

0 894

10.4

82

1.3

139

0 05

Distance from Source

100 160

1.222

0.672

16 7

78

3 5

174

0 53

1.104

0.810

12 7

82

2 0

170

0.03

(m)

220

1.286

0 445

19 3

54

6 9

180

1.47

265

0 961

0.446

9 1

26

3 3

64

1 13

305

1 055

0 477

11 4

34

3 8

163

0 56

Distribution Coefficients for other Radionudides

Batch sorption and field column experiments, and contaminant plume data,
have also been applied to studies of the behaviour of nuclides other than
90Sr. One of the other relatively mobile and relatively abundant
radionuclides at Chalk River is 60Co. Contaminant plume studies [Killey et
al., 1984] dovngradient of the Chemical Pit found distribution ratios of
from 0.5 to more than 130 Bq-mL"1; these results vere not termed Kj's,
since other data shoved that most of the dissolved cobalt was present in
anionic species, and not available to react with the aquifer sediments
through conventional ion exchange. Field column experiments [Killey and
Uchida, in preparation] found that small quantities (5 to 10Z) of the
injected cobalt vere transported at groundwater flow velocities, but that
the remainder exhibited slov transport through the columns that could not
be described by equilibrium processes.
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Radiocesium is another abundant nuclide in lov- and intermediate-level
vastes. There are numerous measurements of batch distribution ratios for
137Cs in the literature, vith an average of 100 mL-g'1 [Vandergraaf, 1982]
being a value representative of the report data. In situ distribution
ratios from analyses of contaminated sediments in the Area A plume yielded
a mean of 250 mL.g*1, and a standard deviation of about 180 mL-g-1 [Jackson
and Inch, 1980]. Field column tests yielded 131Cs breakthrough curves and
in-column distributions that were consistent vlth an equilibrium sorptlon
process and Kd's between 50 and 100 mL-g'

1.

The behaviour of a variety of other nuclides has also been investigated
using the dovnhole column procedure. The aost notable application has been
a tvo-year study of the behaviour of a variety of long-lived radionuclides
that are of interest in nuclear fuel waste management. Those results are
reported in these proceedings by Champ et al. In most cases, distribution
coefficients do not appear to provide an appropriate model for the sorption
behaviours that were observed.

Non Equilibrium Sorption

The application of a succession of increasingly aggressive leaching agents
has been widely used in attempts to identify sorptlon phenomena. A
conventional sequence would involve displacement of ion exchangeable
contaminants, dissolution of carbonates, dissolution of secondary hydrous
oxide minerals, and dissolution of primary silicates. A step for the
destruction of organic matter is frequently included. Most of the "direct"
data on non-equilibrium sorption phenomena in studies at Chalk River have
used sequential leaching; kinetic controls on reactions have also been
estimated by fitting various reaction models and parameters to contaminant
plume, batch, and column data.

Many modifications and contaminant-specific variants on this procedure have
been used, but at Chalk River the focus has been on ion exchange and
secondary oxyhydroxides. Contaminant plumes from two waste management
operations at Chalk River have been studied with a view to exploiting the
long contact times (more than 30 years) between contaminated groundvatsrs
and aquifer sediments. Although the exposure history of a sample of
contaminated aquifer sand from these plumes is not known in detail,
sequential leaching studies can potentially be used to define the solid-
solution reactions that are actually dominant and obtain rate information
on kinetically controlled processes.

Jackson and Inch [1980, 1983] collected sands from the Area A aquifer plume
at locations where contaminant exposure times ranged from 10 to 30 years.
They found that 60 to 80Z of the sorbed 90Sr, but less than 50Z of sorbed
137Cs, could be removed by ion exchange procedures, and that most of the
remaining activity was retained by specific adsorption to Fe/Mn/Al hydrous
oxides. Leaching of sands contaminated with radiostrontium in short-term
laboratory tests showed that all of the laboratory solid-solution reactions
were ion exchange. Killey and Munch [1987], undertook similar studies of
the Nitrate Plant 90Sr plume, leaching sands with contaminant exposures of
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between 5 and 29 years. They found that, on average, 40Z of the 90Sr vas
removable by ion exchange, 50% vas released by stripping the hydrous Fe/Mn
oxide coatings, and about 101 remained vith the primary silicate •inerals.
There were no trends involving changes in the percentages of radiostrontium
sorbed by the different mechanisms vith different contaminant contact
times. This implies that the specific sorption to oxyhydroxides is
controlled by a reaction vith a half-time of betveen a fev months and a
couple of years. The results also indicate that this oxyhydroxide sorption
is an equilibrium reaction.

Results of the studies of waste management site plumes are supported by
analyses of data from the Glass Block experiment. Helnylc et al. [1984],
found that simulation of the distribution of sorbed 90Sr versus distance
from the blocks required a dual-reaction model, vith one instantaneous
exchange process and a second reaction vith a half-time to equilibrium of
betveen 2 months and 2 years.

Ve recognize that the specificity of sequential leaching procedures remains
questionable. In evaluations at Chalk River, Inch and Killey [1987] found
that BET surface areas of aquifer sands decreased after ion exchange
treatments, but increased above initial values after treatment to remove
hydrous oxides. The initial decrease vas attributed to partial dissolution
of secondary minerals by the ion exchange treatment; the final Increase
appears to be the result of etching of the primary silicates by the
solutions used to remove secondary minerals. This latter process has been
substantiated by SEM examination of leached sands.

Surface Area and Mineralogic Controls

For Chalk River sands, the surface area and sorption capacity of Individual
minerals is vermiculite » sericite > amphibole > muscovite « biotite >
feldspar > quartz [Inch and Killey, 1987]. Clearly, the composition of the
primary minerals controls their BET surface area; can ve conclude that
surface area is the only (or dominant) solid phase control on contaminant
sorption? That is, is sorption itself independent of primary mineral
composition? If so, ve can restrict our studies of chemical controls to
secondary minerals, vhich often comprise a much more limited suite of
compounds than the primary minerals.

To address this question, Inch and Killey [1987, 1989], separated
individual samples of contaminated sands from three plumes into component
primary mineral fractions. They found that for 90Sr, there vere almost
perfect correlations betveen surface area and the relative amounts of
sorbed radionuclide, indicating that indeed substrate mineralogy played no
direct role in sorption.

In situ distribution ratios (soil concentration divided by contaminant
content of the associated pore water) vere measured in a series of samples
from both the Nitrate Plant and Area A contaminant plumes. Figures 3a and
Figure 3b plot the in situ 90Sr distribution ratios versus surface areas
for both sites. Vith a strong linear correlation betveen the two data
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sets, long-term in situ distribution ratios can be reliably predicted for
the vhole of the Nitrate Plant contaminant plume using surface area
information. This vas anticipated for a system where aqueous chemistry is
relatively constant throughout the contaminant plume.

The 90Sr in situ Kj versus surface area correlation for sandy sediments
from the Area A plume is again very linear; the difference in slope between
it and the regression for the Nitrate Plant plume can be attributed to the
higher Ca and Mg concentrations in the Area A aquifer. At Area A, however,
there is a significantly different correlation between Kg and surface ares
for clayey silts than that of the sandier strata (Figure 3b). At present,
it remains unclear whether the differences in radiostrontium sorption are
the result of direct interactions between dissolved 90Sr and primary
minerals, or differences in secondary mineralogy stemming from different
exposures to the waste solutions released to the ground.

Solute Transport Modelling

Studies to test the validity of conventional groundwater contaminant
transport models have used contaminant plumes at Chalk River as test cases.
The two most comprehensive of these studies were conducted in association
with Battelle Pacific Northwest Laboratory (PNL), and used the Nitrate
Plant and Area A sites as sample cases. Results are presented in Robertson
et al. [1987a, b]. In both cases, the codes (CFEST and the method of
characteristics or HOC code) had little difficulty in producing good
matches to aquifer hydraulic head distributions, even using partial aquifer
data sets as input. This can, in part, be attributed to the relative
hydrogeologic simplicity of the two sites, but reflects the general success
of numerical models in simulating hydraulic head fields in permeable porous
media.

Simulations of 90Sr transport proved to be much more involved, and ended up
relying on long-tern;, in situ data for a description of radiostrontium
migration behaviour. Both codes consider only equilibrium exchange
reactions in their simulation of reactive contaminant solid-solution
interactions. Time-varying distribution coefficients, with low initial
Kd's based on early plume migration data and maximum (late) K^'s derived
from in situ measurements, provided reasonable Batches to the observed
plumes. Figure 5 displays the observed and best fit simulation of the
Nitrate Plant 90Sr plume. It is important to remember that the time-
variation information on 90Sr transport and sorption would not be available
in most cases, and that the long-term movement of the radiostrontium is, in
part, controlled by sorption processes that are unlikely to be observed in
laboratory tests. Another notable feature of the study was the extreme
measures required to reduce numerical dispersion in the CFEST coie to a
point where field dispersivities became the controls on contaminant
spreading.

The variety of geochemical processes that operate in natural systems and
the magnitude of their influence on contaminant migration makes Improved
conceptual and mathematical geochemical models vital for progress. The
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attractiveness of the linear isotherm or K^ approach is its simplicity of
form. While it provides useful information on contaminant transport for
some elements or species, rate controlled sorption or fixation, the
formation of multiple or changing aqueous species, colloid transport, etc.,
are all processes that have been observed and that fall beyond the
capabilities of conventional codes.

Another aspect of contaminant transport that is beginning to be addressed
is the effects of spatial variability in sorption on the movement of
reactive contaminants. The spatial distribution of variations in hydraulic
conductivity are nov considered to be the primary controls on non-reactive
contaminant dispersion. Adding variations in sorption capacities, rates,
or processes can greatly increase the apparent spreading of reactive
contaminants. To date, the only study that ve are avare of that has
attempted detailed measurements of sorption variability is reported in
these proceedings by Robin et al. Through the investigations of the
relationship between surface area and K&.S, ve had hoped to be able to
rapidly assess the spatial distribution of sorption capacity variations
using surface area measurements. To date, it appears that such an approach
may be viable in chemically and lithologically uniform systems, but that
the method is not suitable for indiscriminate application.

SUMMARY

Studies of geochemical controls on radionuclide transport at Chalk River
have necessarily focussed on 90Sr, the most mobile of the relatively long-
lived and abundant fission products, but a variety of other radioisotopes
have also been studied. Aqueous phase processes that affect contaminant
mobility and that have been observed and studied at Chalk River include ion
competition, multiple and time (or space) varying species, and particulate
transport. Reactions involving solids that have been observed and
investigated include ion (or at least instantaneous and reversible)
exchange, rate-limited specific sorption, and apparently permanent
fixation. Although not directly noted at Chalk River, precipitation and
co-precipitation are other common solid-solution processes. Secondary
minerals are the dominant phases involved in reactions vith dissolved
contaminants, but ve cannot yet rule out direct chemical interactions vith
primary minerals in some settings.

Given the list of processes above, vith effects that range from complete
mobilization of contaminants to permanent removal from solution, and the
added uncertainties posed by spatial variability in these processes within
a given flov system, it is abundantly clear that although dispersion can
have significant effects on the distribution of non-reactive contaminants,
geochemical effects can have tremendously greater impacts on transport
predictions. The greatest difficulty in implementing better geochemical
models is still the lack of information on controls and rates.
Considerable effort continues in the development of codes based on
thermodynamic models of aqueous speciation, but ve have seen many examples
here where solution species for various radionuclides are not in agreement
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with inorganic predictions. The primary challenge for us, and others, is
to better define the relative importance of these processes, and to develop
measuring techniques that vill allow accurate assessment.
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